ABSTRACT: Replication of nucleic acids in the absence of genetically encoded enzymes represents a critical process for the emergence of cellular life. Repeated separation of complementary RNA strands is required to achieve multiple cycles of chemical replication, yet thermal denaturation under plausible prebiotic conditions is impaired by the high temperatures required to separate long RNA strands and by concurrent degradation pathways, the latter accelerated by divalent metal ions. Here we show how the melting temperature of oligoribonucleotide duplexes can be tuned by changes in pH, enabling the separation of RNA strands at moderate temperatures. At the same time, the risk of phosphodiester bond cleavage is reduced under the acid denaturation conditions herein described, both in the presence and in the absence of divalent metal ions. Through a combination of ultraviolet and circular dichroism thermal studies and gel electrophoresis, we demonstrate the relevance of geological pH oscillations in the context of the RNA strand separation problem. Our results reveal new insights in the field of prebiotic chemistry, supporting plausible geochemical scenarios in which non-enzymatic RNA replication might have taken place. R NA, or a close variant thereof, is considered the first genetic polymer that appeared on early Earth. Recent investigations have shown how RNA mononucleotides, along with other building blocks considered necessary for life, might have chemically formed from the interplay of plausible prebiotic reaction networks in a defined geochemical setting.
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ABSTRACT: Replication of nucleic acids in the absence of genetically encoded enzymes represents a critical process for the emergence of cellular life. Repeated separation of complementary RNA strands is required to achieve multiple cycles of chemical replication, yet thermal denaturation under plausible prebiotic conditions is impaired by the high temperatures required to separate long RNA strands and by concurrent degradation pathways, the latter accelerated by divalent metal ions. Here we show how the melting temperature of oligoribonucleotide duplexes can be tuned by changes in pH, enabling the separation of RNA strands at moderate temperatures. At the same time, the risk of phosphodiester bond cleavage is reduced under the acid denaturation conditions herein described, both in the presence and in the absence of divalent metal ions. Through a combination of ultraviolet and circular dichroism thermal studies and gel electrophoresis, we demonstrate the relevance of geological pH oscillations in the context of the RNA strand separation problem. Our results reveal new insights in the field of prebiotic chemistry, supporting plausible geochemical scenarios in which non-enzymatic RNA replication might have taken place. R NA, or a close variant thereof, is considered the first genetic polymer that appeared on early Earth. Recent investigations have shown how RNA mononucleotides, along with other building blocks considered necessary for life, might have chemically formed from the interplay of plausible prebiotic reaction networks in a defined geochemical setting. 1−6 However, the transition from the chemistry of RNA monomers to the biology of a self-replicating system has been challenged by the many problems encountered with multiple cycles of non-enzymatic RNA replication. 7 Chemical copying of RNA oligonucleotides might have resulted either from the templated polymerization of activated ribonucleotides 8−10 or from the templated ligation of shorter RNA fragments. 11 In both cases, a dead-end, double-stranded product is generated, and separation of the template and daughter strand is required prior to a new round of replication. The plausibility of thermal denaturation of RNA is hampered by the high melting temperature of oligoribonucleotides, to the point that duplexes of >30 bp are considered impossible to melt under plausible prebiotic conditions. 7 Concurrent RNA degradation is known to occur at elevated temperatures and is made worse by the presence of divalent metal ions 12 (such as Mg 2+ ), which are required as catalysts during RNA replication. From the observation that unnatural 2′,5′-linkages destabilize RNA duplexes, 13 Szostak and co-workers suggested backbone heterogeneity as a possible solution to the strand separation problem.
14 However, the instability of such linkages in a duplex environment 15, 16 and the need to separate strands of native RNA prompted us to interrogate plausible geochemical scenarios on early Earth in the search for additional solutions.
Our curiosity was piqued by a report describing the different pH values of NaCl solutions at the eutectic point and after thawing, in principle leading to pH variations of >5 units between the two phases. 17 More recently, heat fluxes have been shown to support the establishment of stable pH gradients in a closed system, such as those that could have occurred inside rock pores on primordial Earth. 18 In both cases, geological heating and freezing could have acted as natural energy sources/sinks to support the development of local pH gradients, thus opening the possibility of repetitive pH oscillations. As DNA is known to undergo reversible acid denaturation 19−22 (presumably through protonation of GC base pairs and consequent formation of Hoogsteen base pairing), the melting temperature of RNA oligonucleotides is likely to be similarly influenced by the pH of the solution. 23, 24 Hence, we envisioned that natural pH fluctuations might have supported cycles of RNA strand separation and reannealing, circumventing the need for high temperatures and the undesirable degradation thereby incurred.
Here we report our investigation of the pH dependence of the melting temperature and stability of different RNA oligonucleotides and the relevance of such results in the context of the prebiotic RNA strand separation problem.
Our study initially focused on outlining the effect of acidic pH values on the temperature at which 50% of a 13mer RNA duplex is denatured [melting point (T m )]. Ultraviolet (UV) thermal melting curves were measured by incubating stoichiometric amounts of oligonucleotide 1a and its complementary strand 1b [duplex 1, GC content of 53.8% (Table S1 )] at different pH values (3.1−7.1) and monitoring the variation of their absorbance at 260 nm as a function of the temperature of the solution ( Figure 1A ,B). Being a tribasic acid (pK a1 = 3.13, pK a2 = 4.76, and pK a3 = 6.40) whose dissociation constants are little influenced by temperature changes, 25 citrate was the buffer of choice, enabling the evaluation of melting point variations over a wide pH range and in the absence of buffer or temperature effects.
At pH 7.1, duplex 1 exhibited a melting point of 65.7°C, and minimal variations were observed when the pH of the solution was decreased to either 6.1 or 5.1 (T m = 65.5 or 63.8°C
, respectively). On the other hand, significant changes in the duplex T m were registered at pH <4.6, with melting temperatures as low as 35.5 and 17.0°C at pH 3.6 and 3.1, respectively. In parallel, we measured the CD thermal melting curves of duplex 1 to verify that the observed variations were the result of double-stranded to single-stranded transitions, ruling out possible effects arising from changes in the UV absorption of the nucleobases upon protonation ( Figure 1C and Figures S1A−C and S2). The 10°C CD spectra at pH 3.7, 4.1, and 7.1 all exhibited a negative couplet and a positive couplet around 210 and 260 nm, respectively, characteristic of double-stranded RNA structures. 26 Upon heating, the 210 nm negative couplet progressively disappeared, together with a shift in the positive couplet maximum from 260 to 275 nm and a decrease in its intensity. These results confirm that denaturation of duplex 1 occurred upon heating over the entire pH range tested, and the melting temperatures determined by CD spectral changes were comparable with the data obtained in UV melting studies ( Figure S1D ). At pH 3.7 and 4.6, the intensity of the CD signal was slightly lower than the spectra at higher pH values. This effect is presumably caused by nucleobase protonation, and we do not exclude the presence of base pairing arrangements other than the standard Watson−Crick type. 21, 22 Additionally, we assessed the general effect of pH variations on the melting temperature of two new 13mer RNA duplexes, differing from 1 with respect to their GC content [30.8% GC content for duplex 2 and 69.2% GC content for duplex 3 (Table S1) ]. As expected, changing the ratio of GC to AU base pairs affected the T m values of both duplexes (T m = 50.3 and 75.3°C at pH 7.1 for duplexes 2 and 3, respectively), but the difference between the melting temperatures at pH 7.1 and 3.6 (ΔT m ) was independent of the duplex employed [ΔT m = 30.2, 33.3, and 29.5°C for duplexes 1−3, respectively (Table 1) ].
We next evaluated the potential of acidic pH values for the denaturation of duplexes that hardly melt under prebiotic conditions. Szostak and co-workers have previously shown that a 30mer RNA duplex containing four 2′,5′-linkages could be denatured at a temperature 15°C lower than that of the corresponding naturally linked RNA duplex [50.0% GC content for duplex 4 (Table S1) ].
14 We thus measured the UV thermal curves of the fully 3′,5′-linked duplex 4 at pH 3.6 and 7.1 and found a remarkable 27.7°C drop in its melting temperature upon exposure to acidic conditions [T m = 56.5 and 84.2°C at pH 3.6 and 7.1, respectively (Table 1) ]. These results demonstrate how the melting temperature of RNA duplexes could be significantly altered upon changes in the environmental pH. Nevertheless, the prebiotic relevance of these results relies on whether moderate temperatures and low pH values would constitute an advantage over neutral pH and higher temperatures. A major concern in denaturing RNA duplexes is the increased risk of extensive phosphodiester bond cleavage. Furthermore, although less vulnerable than DNA, 27−29 RNA might undergo a certain degree of depurination if exposed to acidic conditions. A direct comparison of the extent of degradation occurring during acidic or neutral RNA strand separation was thus needed. We investigated RNA depurination and phosphodiester bond cleavage following exposure to the conditions required to denature duplex 4 (either pH 3.5 and 60°C or pH 7.1 and 90°C
, as determined from the UV melting experiments). As a model for RNA depurination, we studied the degradation of adenosine by 1 H nuclear magnetic resonance (NMR) spectroscopy and found it to be highly stable under the acidic denaturation conditions (citrate buffer, pH 3.5, 60°C), with only ∼11% of depurination after heating for 17 days ( Figure  2A and Figure S3 ). By comparison, neutral denaturation conditions (citrate buffer, pH 7.1, 90°C) resulted in ∼16% unspecific adenosine degradation after incubation for only 7 Figure 2B and Figure S4 ). In parallel, we estimated the extent of RNA backbone cleavage 27, 30 by monitoring the degradation of a FAM-labeled oligonucleotide [5a (Table S1) ] by gel electrophoresis and fluorescence imaging. The average half-life of a phosphodiester bond (t 1/2 ) was determined to be on the order of 35 days, when oligonucleotide 5a was incubated in citrate buffer at pH 3.6 and 60°C ( Figure 2C ,D and Figure S5 ). Remarkably, inclusion of Mg 2+ in the reaction mixture did not accelerate the rate of phosphodiester cleavage (t 1/2 = 41 days). On the contrary, the t 1/2 dropped to 22 days when oligonucleotide 5a was heated at 90°C at neutral pH (citrate buffer, pH 7.1) and further decreased to 7 days in the presence of the divalent metal catalyst. Altogether, these data suggest that an acidic environment would be advantageous both for decreasing the melting temperature required to denature RNA duplexes and for decreasing the degree of concomitant RNA degradation. This is particularly true when divalent metal ions are to be present in the environment, the hydrolytic catalytic activity of which has long been considered a major obstacle to the preservation of RNA integrity at neutral pH. When these data are evaluated in the context of multiple cycles of non-enzymatic RNA replication, low pH values would therefore enable the separation of longer RNA duplexes with a lower degree of degradation, when compared to those characteristics under neutral conditions. Lastly, we sought to establish reversibility in the system upon exposure to repetitive pH oscillation cycles. Oligonucleotide 5a and its complement 5b [50.0% GC content for duplex 5 (Table S1 )] were incubated in citrate buffer at pH 3.5, and the duplex T m was measured by means of UV thermal melting [T m = 47°C (Figure 3) ]. The pH of the solution was then increased to 6.8 by addition of Hepes buffer to the original mixture, and a new thermal curve was recorded (T m = 68°C). The use of FAM-labeled oligonucleotide 5a enabled us to estimate that 0.8% of RNA strands had degraded as a result of the initial UV thermal melting measurement at low pH. In parallel, we performed a control experiment, taking into account the duplex degradation and measuring the melting temperature of duplex 5 only after adjusting the pH of the solution to neutral (T m = 68°C). The T m of duplex 5 at pH 6.8 was found to be identical in the two experiments, thus confirming the possibility of reverting the melting temperature of RNA by simply changing the pH of the solution. These results additionally rule out the chance of phosphodiester bond isomerization at acidic pH, 31 as even a single 3′,5′-to 2′,5′-linkage transition would have led to a measurable decrease in the duplex T m . 14, 16 In conclusion, this report demonstrates the possibility of reversibly tuning the melting temperature of RNA duplexes by simply altering the pH of the environment. Our results support the relevance of pH oscillations on early Earth, suggesting a model in which low pH values and moderate temperatures would have enabled the separation of RNA strands previously considered impossible to melt in a prebiotic setting. At the same time, RNA integrity is better preserved under the conditions required for acid rather than neutral denaturation, especially when magnesium ions are needed for subsequent replication steps. Therefore, the non-enzymatic replication of RNA oligonucleotides might have benefitted from natural 
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Communication geochemical environments in which the combination of pH and temperature oscillations (as could have occurred in rock pores 18 or by freeze−thaw cycles 17 ) would have supported multiple cycles of RNA strand separation and reannealing. For instance, freezing of brine solutions results in a pH increase of ≤5 units, the range of which apparently relies on nothing more than the initial pH of the solution. 17 Thus, the transition from low pH and high temperature to high pH and low temperature required for RNA strand separation and replication cycles could have occurred in such natural environments. Nonetheless, RNA strand separation is only a small piece in the complex jigsaw that is the formation and evolution of RNA before the advent of life. Further investigations will be needed to provide explanations to the other many challenges in the field, including the possibility of preventing RNA strand invasion and inhibition in the course of multiple replication cycles. 
